Abstract-Contour reconstruction and accurate identification of dielectric objects placed on a conducting surface are the aims of the millimeter-wave Synthetic Aperture Radar (SAR) imaging processing system presented in this paper. The method uses multiple frequencies, multiple receivers and one transmitter in a portal-based configuration in order to generate the SAR image. Then, the information in the image is used to estimate the contour of the body under test together with the permittivity of the dielectric region. The results presented in this paper are based on synthetic scattered electromagnetic field data generated using an accurate Finite-Difference Frequency-Domain (FDFD)-based model and inversion based on a fast SAR inversion algorithm. Representative examples showing the good behavior of the method in terms of detection accuracy are provided.
INTRODUCTION
Screening systems are becoming increasingly important in many scenarios. Traditional screening methods use X-rays for baggage inspection and metal detectors for personnel inspection. Metal detectors are not able to detect non-metallic threats such as explosives. This limitation together with others such as scanning speed, detection of small objects (i.e., resolution) and overall cost of the system must be addressed in the next generation of personnel scanning systems developed to detect concealed threats or contraband.
A wide range of electromagnetic imaging techniques have been applied in order to detect and identify objects placed under clothing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Terahertz waves [8] , and X-ray [9, 10] have shown their feasibility. However, terahertz electronics are not yet commercially available and are quite expensive so imaging must be done with mechanically scanned reflectors rather than arrays, while X-ray based systems make use of ionizing emissions, which though of very low dose, are not acceptable to the public.
Millimeter-wave radar provides a trade-off solution between accuracy and cost. Considerable progress has been made for reconstructing human body surface geometry for security applications [3] . Recently, the possibility of using Synthetic Aperture Radar (SAR) processing from scattered field measurements to rapidly and effectively reconstruct the shape of the human body torso with attached objects concealed under clothing has been studied [1, 4, 6] .
A different approach characterizes the material under study in order to find possible threats such as explosives or contraband. In this field, penetrating X-rays [11] , terahertz waves [12] [13] [14] , neutron analysis [15] and Nuclear Quadrupole Resonance (NQR) [16] have been proposed. These systems can detect some dielectric materials properties but in general, they are not able to determine the shape of the object and are not designed for its integration in the portal-based systems used for personnel inspection.
A much more versatile detection system could be built by adding to the shape detection component the ability to identify material properties. In this work we present an innovative millimeter wavebased SAR system able to determine the shape and constitutive electrical parameters of dielectric objects placed or embedded on the surface of a conductor. The algorithm takes advantage of the phenomenon that in high frequencies the human body behaves as a good conductor while most dielectrics will allow energy penetration. In these conditions, information on both the shape and the relative permittivity of the dielectric bodies can be extracted from the SAR image.
The proposed system is configured for multiple frequencies, multiple receivers, and one transmitter in a portal-based configuration, as presented in Fig. 1 . The characterization technique is described with detail in Section 2; Section 3 presents an application example to demonstrate the feasibility of the method, whereas validation with measurements is shown in Section 4. Figure 1 . Proposed measurement setup for detecting and identify concealed dielectric objects placed onto the human body torso.
EFFECT OF THE DIELECTRIC CONSTANT IN THE SAR IMAGE
In this section we present the SAR processing method to reconstruct object dielectric constant. More details on the implementation of the proposed SAR reconstruction can be found in previous work [5, 6] .
A general scheme of the two dimensional proposed configuration is presented in Fig. 1 . For this configuration, the field E(f l , r t , r p r ) scattered by the domain under test when transmitting from a point r t with the frequency f l is measured at the p-th point placed in r p r . For a given two-dimensional reconstruction domain, the SAR image of the pixel placed in r s u is calculated from the field as [1, 5] :
If the wave is propagating in free space, the phase shift in (1) can be calculated as:
where k l 0 = 2πf l √ µ 0 0 is the wave number in free space at frequency [F/m] are the free space permeability and permittivity, respectively. The terms in Equation (2) correspond to the propagation from the transmitter to the pixel placed at r s u and from that pixel to the p-th receiver. The SAR image generated by this technique will be proportional to the electric currents at the pixel. If the material placed in the pixel under study is a good conductor (i.e., no energy penetrates into the material under test) the reconstruction of the currents proposed in Equation (1) will estimate the position of the currents in the domain, and thus the object shape. The accuracy is given by the resolution of the radar system [17] . However, in the case of dielectric materials, a certain amount of energy, proportional to the transmission coefficient between the air and the dielectric, will propagate through the material [1] . The wavenumber for this propagating field will be given by k l d = 2πf l √ µ 0 r 0 where r is the relative dielectric constant of the dielectric material.
The speed of propagation in the dielectric is reduced with respect to the speed in the air. In the case of dielectric bodies placed on good conductors such as the human body, this delayed incident field will propagate through the dielectric to the conducting skin and reflect back to the observation points after crossing the dielectric body with reduced speed a second time. The SAR image of a point placed on the surface of the obstructed conductor, r s u in Fig. 1 will be given by:
The relationship between the phase terms of Equations (1) and (3) will provide the following phase term for a given l-frequency and pposition:
The phase term introduced in the reconstruction of Equation (4) will displace the position of the currents in the SAR image to a distance |∆r 3 | that will add the currents in phase when:
This effect is not taken into account in the conventional SAR formulation in Equation (1) since the wavenumber in free space is used to reconstruct the currents for every pixel and the resulting image is inaccurate. However, certain features of the image can be used to identify the dielectric constant of the material under test, as shown in next section. The use of the free space wavenumber in the SAR processing will create the effect of displacing the reflection on the obstructed surface of the conductor and amount |∆r 3 | in approximately the direction of the incident wave. Since this displacement is directly proportional to the dielectric permittivity and size, its identification in the SAR image will provide information on the dielectric body permittivity and size.
SIMULATION RESULTS
To illustrate the capabilities of the inverse method for the reconstruction of the shape and the permittivity of dielectric objects placed on the surface of conductors, one representative application example is considered in this section. A multi-frequency radar system will be used with 15 GHz bandwidth from 55 to 70 GHz in 500 MHzsteps (i.e., a bandwidth of 24% with respect to the center frequency, 62.5 GHz). The direct problem is simulated using a Frequency Domain Finite Differences (FDFD) algorithm [18] . This method is selected because of its accuracy in modeling the interaction between general dielectric objects.
A canonical example is considered to demonstrate the method's behavior. The example consists of two pure dielectric objects placed on 1-cm thick skin slab (Fig. 2) . Due to its high water content, a Figure 2 . Geometry and constitutive parameters of the example. 1 cm thickness of skin absorbs all the wave transmitted through its top boundary, and as such is sufficient to model a full thickness human body volume. The problem will be analyzed for different values of the relative dielectric constant of the bodies to show the behavior of the SAR system in terms of permittivity and shape identification.
The selected geometry is illuminated with an incident wave that behaves almost as the manufactured Blade-Beam reflector antenna used as transmitter in [4] . This behavior is achieved by means of a cylindrical wave centered at (x, y) = (0, 10) m. The backscattered field on a 180 • arc, placed R = 0.75 m away from the geometry-undertest is calculated. The sampling rate is ∆ = 1.25 • , which is about 0.5λ at the center frequency. From the retrieved SAR images, it can be observed that the maximum amplitude values correspond to the positions where the incident field reflects from the skin and dielectric objects surfaces. The shape of the dielectric-skin interface can be easily identified in all the images. The amplitude of the currents on the dielectric bodies surface is lower for low relative permittivity values due to the fact that almost all the power is transmitted through the dielectric.
The SAR imaging artifact of the second reflection, caused by slower wave propagation in the dielectric object provides information to determine its dielectric constant. The differential distance from the nominal skin surface to the apparent skin surface at the back of the object, d echo is given by:
where d obj is the distance between the conductive skin and the dielectric surface, r the permittivity of the dielectric material, and d obj ≈ |∆r 1 | ≈ |∆r 2 | the thickness of the dielectric object. To confirm this behavior, the calculated and measured distances on the SAR images are compared in Fig. 7 for the 2 and 4 cm objects and for different relative permittivity values.
The relative permittivity can be estimated as:
which compares with true values of r = 1.5, 3, 4.5, 6, 10 and 15 in Fig. 8 .
MEASUREMENT RESULTS
In order to validate the simulation results presented in the previous section, a set of experimental measurements have been collected. Since the 60 GHz portal-based measurement setup is still under development and testing [4] , preliminary lower frequency measurements have been performed at the spherical range in anechoic chamber of the University of Oviedo. The measurement setup is depicted in Fig. 9 . The objectunder-test (OUT) is a slightly bent metallic surface that aims to model the human body torso curvature. The dielectric object under test is an 8 cm side square wax candle placed on it. The frequency range is from 18 to 26 GHz (36% bandwidth), sampled every 500 MHz steps. The field scattered by the OUT has been measured on a 90 degrees arc placed 5 m away of the object, with a sampling rate of ∆ = 1 • . From the scattered field, the equivalent currents are retrieved on a 0.4 × 0.225 m domain. To avoid transmitting/receiving antennas blockage, the illumination is tilted 3 • with respect to the XY plane, as shown in Fig. 9 .
For comparison purposes, the measurement setup has been simulated using the FDFD code [18] . The wax candle is assumed to have a relative permittivity of r = 2.5. Simulation results are depicted in Fig. 10(a) . The echoes due to the reflections on the airdielectric and dielectric-metal interfaces are clearly visible. For this case, d echo ∼ 4 cm and d obj = 8 cm. From Equation (7), the estimated permittivity is 2.3, which is close to the expected value of r = 2.5. It can be appreciated the good agreement between simulatedand measurements-based results: in both cases, the metallic profile, the dielectric-metal interface echo, and the dielectric-air echo are clearly visible, confirming the validity of the method to recover not only the geometry information, but also the permittivity of the wax candle.
Next, these results are extrapolated to the proposed portal-based measurement setup operating frequency band [4] . Fig. 10(c) shows the FDFD simulation of the same geometry with the same 8 GHz bandwidth in the 60 to 68 GHz band, showing results similar to those at lower frequencies (Figs. 10(a) and (b) ). This fact proves the feasibility of using millimeter waves for dielectric object identification in the proposed configuration.
CONCLUSIONS
A new millimeter-wave SAR image approach to identify the shape and relative permittivity of dielectric objects placed on the body has been presented. The reconstruction is tested using FDFD to simulate the scattered field in a portal-based system and shows highly accurate estimates of dielectric constant for dielectric objects placed on high conductivity skin surfaces, even for very low permittivity values. Validation with measurements has been also presented. The importance of this processing method is clear in the context of the identification of concealed explosive related threats or contraband by using millimeter-wave based scanners. Furthermore, the method is based on the use of non-ionizing frequencies and conventional RF hardware, providing a safe, non-costly solution for non-metallic threats identification. 
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